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UltrasoundAmong the most formidable challenges to algal biofuels is the ability to harvest algae and extract intracellular
lipids at low cost and with a positive energy balance. In this monograph, we construct two paradigms that con-
trast energy requirements and costs of conventional and cutting-edge Harvesting and Extraction (H&E) technol-
ogies. By application of the parity criterion and themoderate condition reference state, an energy–cost paradigm
is created that allows 1st stage harvesting technologies to be compared with easy reference to the National Alli-
ance for Advanced Biofuels and Bioproducts (NAABB) target of $0.013/gallon of gasoline equivalent (GGE) and to
the U.S. DOE's Bioenergy Technologies Ofﬁce 2022 cost metrics. Drawing from themoderate condition reference
state, a concentration-dependency paradigm is developed for extraction technologies, making easier comparison
to the National Algal Biofuels Technology Roadmap (NABTR) target of less than 10% total energy. Thismonograph
identiﬁes cost-bearing factors for a variety of H&E technologies, describes a design basis for ultrasonic harvesters,
and provides a framework tomeasure future technological advancements toward reducing H&E costs. Lastly, we
show that ultrasonic harvesters and extractors are uniquely capable of meeting both NAABB and NABTR targets.
Ultrasonic technologies require further development and scale-up before they can achieve low-cost performance
at industrially relevant scales. However, the advancement of this technologywould greatly reduce H&E costs and
accelerate the commercial viability of algae-based biofuels.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Interest in microalgae as an alternative source of transportation fuel
grew from the oil embargo of 1973 to become a signiﬁcant component
of today's energy policy [1,2]. While events described below denote
governmental action in the U.S., renewable fuels are clearly of global
interest and have come to be mandated in many countries [3]. In 1978,
the Aquatic Species Program (ASP) was created and soon focused on
the development of microalgae as a renewable source of diesel [1].
Over its 18-year lifetime, the ASP revealed that large-scale production
of algal biofuel would not threaten water or land resources, that as
much as 20% of crude oil consumed could be replaced by microalgae
grown with waste CO2 from power plants, and that the main barrier to
algal biofuels is their high cost. A renewed interest in algal biofuels
ensued with the climb in crude oil prices that began in the early 2000's.
The Renewable Fuel Standard (RFS), initially established in 2005 and
expanded in 2007, mandates the inclusion of at least 36 billion gallons
of renewable biofuel by the year 2022 [4]. In late 2008, the National
Algal Biofuels Technology Roadmap (NABTR) Workshop was convenedLos AlamosNational Laboratory,
. This is an open access article underto identify critical challenges hindering the economical production of
algal biofuels at commercial scale. Among the barriers considered, con-
ventional Harvesting & Extraction (H&E) processes were determined to
be costly, energy intensive, and in need of innovation. The term “extrac-
tion”was applied more generally in the NABTR report to include various
technologies positioned between harvesting and conversion in the
biofuels production process. In early 2009, the National Alliance for
Advanced Biofuels and Bioproducts (NAABB) consortium was created to
produce new technologies toward achieving a viable algal biofuel indus-
try. NAABB set a challenging target: Identify and develop technologies
capable of harvesting algae at less than $0.013/GGE at a processing rate
of 0.1 to 1 m3 of algal water per hour, which is roughly an order of mag-
nitude less costly than targets from the late 1970's [5]. NABTR included
the following benchmark for extraction: Consume no more than 10% of
the total energy available from the produced algae. Marginalizing the
costs of H&E would position algal biofuels more competitively, but cost
reductions in all areas will be needed to meet the 2022 cost metrics set
by the U.S. Department of Energy's Bioenergy Technologies Ofﬁce
(BETO) [2]. Here two novel paradigms are described to compare H&E
technologies and identify those capable of meeting the NAABB and
NABTR targets. Although these targets were created with a U.S. market
in mind, meeting them also assures the sustainability of H&E processes.
Sustainability is achievedwhen production energy is less than the energythe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Nomenclature
AHarvester is the area normal to the direction of ﬂow in a harvester,
m2.
ASP is the Aquatic Species Program.
[B] is the mass of algae per unit volume of algal water, kg
(dry mass) of algae/m3.
[B]Extraction is the mass of algae per unit volume of algal water at
the time of extraction, kg (dry mass) of algae/m3.
[B]Harvesting is the mass of algae per unit volume of algal water at
the time of harvest, kg (dry mass) of algae/m3.
BETO is the Bioenergy Technologies Ofﬁce, which is one of
eleven technology development ofﬁces within the U.S.
Department of Energy's Ofﬁce of Energy Efﬁciency &
Renewable Energy.
Btu is British thermal unit.
C is the cost per unit volume of algal water, $/m3.
CLipid⁎ is the cost contribution to the price of algal lipid, $/GGE.
CElectricity⁎ is the cost of electricity, $/kWh.
CElectrolytic is the cost per unit volume of algal water needed for
electrolytic processes, $/m3.
CMembrane; High is the upper estimate of O&M costs of cross ﬂow
membraneﬁltration per unit volumeof algalwater, $/m3.
CMembrane; Low is the lower estimate of O&M costs of cross ﬂow
membraneﬁltration per unit volumeof algalwater, $/m3.
CMetal is the cost of the electrode metal, $/kg.eCP is the heat capacity of a liquid at constant pressure,
kWh/(kg°C).
cAlgae is the speed of sound through an algae cell, m/s.
cMedia is the speed of sound through the media, m/s.
CEPCI is the Chemical Engineering Plant Cost Index.
D˙Metal

is the anode metal dissolution rate, kg/(ampere hour).
DPipe is the internal pipe diameter, m.
dAlgae is the diameter of the algae cells, m.
DME is dimethyl ether.
E is the energy input per unit volume of algal water, J/m3.
E

is the energy input per unit volume of algal water,
kWh/m3.
ECentrifuge is the energy required for centrifugation per unit vol-
ume of algal water, J/m3.
E

Centrifuge is the energy required for centrifugation per unit vol-
ume of algal water, kWh/m3.
E

Disk is the energy required for a disk centrifugation per unit
volume of algal water, kWh/m3.
E

Extraction is the energy required for extraction per unit volume of
algal water, kWh/m3.
E^

Extraction is the speciﬁc energy required for extraction, kWh/kg
(dry mass) of algae.
E

Lipid is the energy content of the lipid per unit volume of
algal water, kWh/m3.
E
Available;
Lipid is the energy content of the available lipid per unit vol-
ume of algal water, kWh/m3.
E

LEA is the energy in the Lipid Extracted Algae (LEA) per unit
volume of algal water, kWh/m3.
EPump is the energy required for pumping per unit volume of
algal water, J/m3.
E

Pump is the energy required for pumping per unit volume of
algal water, kWh/m3.
ES
 
is the time-averaged energy density of the standing
wave in the algal water, J/m3.
E

Total is the total energy from both lipid and LEA per unit vol-
ume of algal water, kWh/m3.eETotal is the total energy from both lipid and LEA per kg of
media, kWh/kg.
E^

Total is the total energy from both lipid and LEA per drymass
of algae, kWh/kg (dry weight) of algae.
E

Tubular & Helical is the energy required for a tubular or helical cen-
trifuge per unit volume of algal water, kWh/m3.
EUltrasonic is the (input) energy required for an ultrasonic harvest-
er per unit volume of algal water, J/m3.
E

Ultrasonic is the (input) energy required for an ultrasonic harvest-
er per unit volume of algal water, kWh/m3.eEVaporization is the energy required to vaporize a unit mass of liq-
uid, kWh/kg.
EEF is the Energy Efﬁciency Factor, s−1.
EPA is the Environmental Protection Agency.
FDrag is the drag force experienced by a particle moving
through a viscous media, N.
FDrying is the fraction of total energy consumed by drying,
dimensionless.
FEnergy is the fraction of total energy consumed for extraction,
dimensionless.
FGravity is the force experienced by a particle due to gravity, N.
FS is the ultrasonic radiation force exerted on a particle in a
standing wave, N.
FSensible is the fraction of total energy consumed by sensible
heating, dimensionless.
f is the cyclical frequency, Hz.
fFriction is the friction factor used with the Fanning equation,
dimensionless.
gc is the gravitational constant, 9.8 m/s2.
GGE is gallon of gasoline equivalent, U.S. gallons.
ΔHLEA⁎ is the heat of combustion of the Lipid Extracted Algae
per unit mass, kWh/kg.
ΔHLipid⁎ is the heat of combustion of the lipid per unit mass,
kWh/kg lipid.
H&E is Harvesting and Extraction.
HHV* is the higher heating value, Btu/gal.
HHV is the higher heating value.
HPH is High Pressure Homogenization.
I is the electrical current, ampere.
I^

is the speciﬁc charge of the algae [see Eq. (21)], ampere
hour/kg (dry weight) algae.
KS is the acoustic contrast of the algae, dimensionless.
Le is the equivalent length of piping due to frictional losses,
m.
[L]Harvesting is the mass of lipid per unit volume of algal water at
the time of harvest, kg/m3.
[L]HarvestingAvailable is the available mass of lipid per unit volume of algal
water at the time of harvest, kg/m3.
LHorizontal is the horizontal length of piping, m.
LUF is the length of the ultrasonic ﬁeld in the direction of
ﬂow, m.
LVertical is the vertical length of piping, m.
LEA is Lipid Extracted Algae.
M^Lipid is the mass ratio of lipid to algae mass (dry weight), kg
of lipid/kg of algae (dry weight).
M^Solvent is the mass ratio of solvent to algae, kg of solvent/kg
(dry weight) of algae.eMSolvent is the mass ratio of solvent to media, kg of solvent/kg of
media.
NRe is the Reynolds number, dimensionless.
n is an integer number, dimensionless.
NAABB is the National Alliance for Advanced Biofuels and
Bioproducts.
NABTR is the National Algal Biofuels Technology Roadmap.
O&M is Operating and Maintenance.
P is power, W.
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PAlgae is a number dependent on algae properties as deﬁned
by Eq.(40), W/m3.
PApp is the apparent power input to the acoustic harvester,
W.
PApp is the apparent power density input to the acoustic har-
vester, W/m3.
PPump is the power required for pumping algal water to the
overhead feed tank, W.
Q is ﬂow rate, m3/s.
Q* is ﬂow rate (or permeate rate for cross ﬂow ﬁltration),
m3/h.
QActual⁎ is the actual feed (ﬂow) rate to the centrifuge, m3/h.
QFeed is the feed (ﬂow) rate of algal water, generally in units
of m3/s.
QMaster⁎ is the centrifuge ﬂow rate taken from themaster curve,
m3/h.
r is the radius of the centrifuge, m.
RD is renewable diesel.
RFS is the Renewable Fuel Standard.
SPR is the Strategic Petroleum Reserve.
ΔT is the temperature change, °C.
t is time, s.
t2α − 1 is the concentration time for algae of speciﬁed size
traversing a fractional distance (corresponding to
2α-1) between the standing wave anti-node and
node, s.
t0.9947 is the concentration time for algae of speciﬁed size tra-
versing 99.47% of the distance between the standing
wave anti-node and node, s.
UApp is the applied voltage, V.
USH is Ultrasonic Harvester.
v(x) is the velocity of a cell in an acoustic standing wave at
position x along the axis of propagation, m/s.
vFeed is the algal water velocity in the feed pipe or harvester,
m/s.
vg is the terminal settling velocity of the algae in themedia
environment under gravity, m/s.
vg, Actual is the terminal settling velocity of the actual or repre-
sentative algae, m/s.
vg, Master is the terminal settling velocity of the particles repre-
sented by the master centrifuge performance curve,
m/s.
x is the position along the axis of propagation for the
compression wave, m.eY is the mass ratio of algae to media, kg (dry weight) of
algae/kg.
Greek Symbols
α is a number close to unity and is related to the fractional
distance between an anti-node and node in an ultrason-
ic standing wave ﬁeld, dimensionless.
β is the ratio of algae density to media density,
dimensionless.
γ is the ratio of the speed of sound of algae to speed of
sound of the media, dimensionless.
ηCentrifuge is the centrifuge efﬁciency factor for scale up,
dimensionless.
ηEff is the effective performance number of an acoustic har-
vester, dimensionless.
ηHarvesting is the mass fraction of algae harvested from the algal
water, dimensionless.
ηMetal is the (metal speciﬁc) current dissolution efﬁciency,
dimensionless.
ηPump is the pump efﬁciency, dimensionless.
μAlgal Water is the viscosity of algal water, Pa s.
μMedia is the viscosity of the media, Pa s.
π is the dimensionless constant approximately equal to
3.14159.
ρAlgae is the density of a single algae cell, kg/m3.
ρAlgal Water is the density of algal water, kg/m3.
ρLipid is the density of algal lipid, kg/m3.
ρMedia is the density of the media in the absence of algae,
kg/m3.
Σ is the area of a gravity settler of equal performance to a
speciﬁc centrifuge, m2.
Ψ is the acoustic passivity of algae, J/m3/s.
Ψ* is the acoustic passivity of algae, kWh/m3/s.
ω is the rotational frequency of a centrifuge or angular fre-
quency of an ultrasonic harvester, radians/s.
252 J.E. Coons et al. / Algal Research 6 (2014) 250–270available in the algae, and when costs can be absorbed globally without
affecting local economies. It is therefore our intention that the resulting
paradigms and underlying energy–cost relationships presented in this
monograph be of utility to the broader H&E community, and not just to
those within the U.S.
One of the challenges presented while preparing this monograph
comes from the different vocabularies and reference states foundAlgal Culture
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Fig. 1. Process ﬂow diagram and nomenclature used to describe the production of
renewable diesel from microalgae. Ovals represent materials and rectangles repre-
sent operations.
Table 2
Properties that affect the cost of algal lipid and values set for the moderate condition ref-
erence state.
Property Units Value Source Moderate
condition
reference
state
[B]Harvesting, the
concentration of algae
in the algal water at the
ﬁrst stage of harvesting.
kg of Algae
m3 of Algal Water
0.03–1.11 [105] 1
0.14 [106]
0.22 [107]
0.5 [9]
0.5–1.1 [66]
0.7 [10]
0.2–1.6 [14]
0.26–5 [108]
CElectricity, the cost of
electricity.
$
kWh
0.0511–
0.0683
[109] 0.08
0.059 [13]
0.08 [9,10]
0.26 [44]
ηHarvesting, the algal
removal efﬁciency of
the harvester.
kg of Algae Harvested
kg of Algae in Water
0.1–N0.9 [18] 0.8
0.28 [110]
0.8 [10]
0.9 [9]
0.95 [7]
0.65–0.95 [13]
0.92–1 [108]
M^Lipid, the mass fraction
of lipid in the algae.
kg of Lipid
kg of Dry Algae
0.05–0.64 [111] 0.347
0.09–0.72 [112]
0.10–0.15 [113]
0.11–0.63 [105]
0.17–0.61 [114]
0.25 [7,9,10]
0.25–0.58 [115]
0.35 [66]
0.457 [106]
0.5 [116]
ρLipid, the density of the
algal lipid.
kg of Lipid
m3 of Lipid
850 [11] 864
857–892 [113]
864 [14]
920 [117]
910–925
(soybean)
[116]
ΔHLipid⁎, the heat of
combustion of the algal
lipid.
kWh
kg of Lipid
8–12.75 [14,118] 10.5
10.55 [66,117]
12.2 [116]
12.72 [81]
9.39 [82]
11.8–12.8 [83]
ΔH ⁎, the heat of kWh 4.86 [66] 4.86
Table 1
Higher heating values of key liquid materials.
Material HHV⁎ (Btu/gal) Volume ratio (gal/GGE)
Useful lipid 117,194a 1.061
RD 130,817b 0.9505
Gasoline 124,340b 1
a Determined from properties of the moderate condition reference state in Table 2.
b Obtained from [104].
253J.E. Coons et al. / Algal Research 6 (2014) 250–270throughout the algal biofuels literature. The vocabulary used in this
monograph draws primarily from earlier studies describing the produc-
tion of renewable diesel [6,7], and language used in the BETOmultiyear
program plan [2]. The technologies addressed in this monograph are
limited to the harvesting and extraction sections of the renewable diesel
conceptual process ﬂow diagram in Fig. 1. Although the terms algae and
algal are used throughout this monograph, the starting material is
exclusively microalgae suspended in water media, be it fresh, marine,
or saline water. Harvesting is generally a multistage process resulting
in the concentration of algae in water. Consistent with the NABTR and
NAABB terminology, extraction is used as a general term for a variety
of processes that expose, concentrate, and/or separate algal lipids
upstream of their conversion to renewable diesel (RD). Extraction
therefore includes drying, solvent extraction, cell disruption or lysing,
and solvent evaporation. Biocrude refers to the mixture of algal lipids
and other biomaterials separated and concentrated typically by means
of solvent extraction followed by evaporation. RD is produced by con-
version of the fraction of algal lipidsmore speciﬁcally referred to as use-
ful lipids, and all lipids referred to in this monograph are assumed to be
useful and convertible to RD. Biofuel is a more general term that
includes alcohols, alkanes, hydrogen, and diesel fuels originating from
living organisms such as plants and microalgae. Conventional and
cutting-edge technologies are differentiated by their state of develop-
ment. Technologies referred to as conventional are more thoroughly
developed with a well-established basis for scale-up and costing.
Cutting-edge technologies are at an early stage of development and
without accessible cost data at industrial scale. All costs are reported
in units of 2011 U.S. dollars per gallon of gasoline equivalent ($/
GGE), in deference to the 2022 cost metrics established by BETO
[2]. Energy content in the form of the higher heating value (HHV)
is the basis for volume conversions, and the values applied are listed
in Table 1. HHV is equivalent to the heat of combustion when all
products and reactants are at 25 °C. A complete description of the
nomenclature and abbreviations used throughout this monograph
is presented in the nomenclature section.LEA
combustion of the LEA. kg of LEA
E

Lipid, the lipid energy
content in the algal
water.
kWh
m3 of Algal Water
1.63–34 [108] 3.64 at
[B]
Harvesting
1.84 [66]
E

Total , the total energy
content in the algal
water.
kWh
m3 of Algal Water
0.16–8.94 [105] 6.82 at
[B]
Harvesting
3.42 [66]2. Harvesting costs
As with any industrial process, the total cost of harvesting algae is
obtained by combining ﬁxed-capital and product costs [8–12]. Fixed-
capital costs include direct costs such as land, buildings, equipment
and piping, and indirect costs such as plant design and construction.
Product costs include operating costs (e.g., electrical power and raw
materials), maintenance, and other costs such as overhead. A total cost
comparison between harvesting technologies is beyond the scope of
this monograph, but it is useful to consider the contribution that partic-
ular technologies and their scale make toward the cost of RD. Here, we
compare the operational costs for cross-ﬂow membrane ﬁltration and
electrolytic separation to the fundamental energy requirements for cen-
trifugation and the less familiar ultrasonic harvesting in the context of
the moderate condition reference state for 1st stage harvesting. This
reference state is chosen for convenience, and exists within a range of
conditions that creates an equivalency between 1 kWh/m3 algal water
of energy input and 1 $/GGE toward the cost of RD. This energy–cost
parity simpliﬁes the comparison of harvesting technologies to both
NAABB and the 2022 BETO harvesting cost targets. Scale dependencyis addressed for conventional technologies (i.e., membrane ﬁltration
and centrifugation), while more fundamental energy dependencies
and limitations are described for others. A more general discussion
of microalgae harvesting and related issues can be found elsewhere
in the literature [13–24].
2.1. Energy–cost parity and the moderate condition
The NAABB target for harvesting is expressed in terms of the contri-
bution toward the cost of algal lipid, which is converted to a GGE basis
using the HHV values provided in Table 1. The sustainability of harvest-
ing technologies is sometimes limited by the amount of energy required
0.1 1 10 100
Variability of the Contribution of 1 kWh/m3 Energy 
to the Cost of Algal Lipid ($/GGE) 
Lipid Density 
Cost of Electricity 
Harvester Efficiency 
Algae Concentration 
Useful Lipid Mass Fraction 
Moderate Condition 
Fig. 2. The cost of 1 kWh/m3 energy toward the cost of algal lipids using the lowest and
highest values of the indicated parameters in Eq. (5). High and low parameter values
were taken from Table 2.
254 J.E. Coons et al. / Algal Research 6 (2014) 250–270to separate algae from a given volume of water, and at other times by
known costs associated with the process. Here we construct the criteri-
on for parity between energy requirements in units of kWh/m3 of algal
water and cost contribution in units of $/GGE and deﬁne a reference
state for harvesting which is subsequently referred to as the moderate
condition. We start by deﬁning the concentration of lipid in the algal
water at the time of harvest ([L]Harvesting).
L½ Harvesting ¼ B½ HarvestingM^Lipid ð1Þ
Throughout this monograph, certain variables are embellished to
indicate their base unit. A hat (^) is used for the base unit of kg of1.E-03 
1.E-02 
1.E-01 
1.E+00 
1.E+01 
1.E+02 
1.E+03 
1.E-03 1.E-02 1.E-01 1.E+0
Low Electrolytic Cost
Low-E
Centrif
USH High Energy (EEF = 108/s, Unr
USH Low Energy (EEF = 1010/s, Res
Unr
esp
ons
ive
Alg
ae
High Electrolytic Cost
NAABB Target
ELipid
Available,*
Fig. 3. A comparison of 1st stage harvesting technologies with feed water characterized by them
ments and cost contribution in the units indicated are in parity.(dry) algae, a bar ( ) for m3 of algal water, and a tilde (e) to indicate kg
of water or media. So for example, the mass ratio M^Lipid in Eq. (1) has
units of kg lipid per kg (dry) algae. All variables are represented in SI
units, with the exception of variables denoted with an asterisk (⁎).
The asterisk is an indicator of non-SI units unique to energy–cost parity
or in some instances, non-SI units chosen for convenience. The quantity
of energy derived from the lipid in kWh per m3 of algal water (E

Lipid) is
given by the following.
ELipid ¼ L½ HarvestingΔHLipid ð2Þ
The lipid heat of combustion,ΔHLipid⁎, is the lipid HHV divided by the
lipid density. Losses are incurred when algae cells enter the harvester
and avoid the concentrated algae stream. For the purpose of cost contri-
bution, it is more pertinent to know the available lipid concentration
and the available lipid energy,which accounts for losses incurred during
the harvesting process.
L½ AvailableHarvesting ¼ ηHarvesting L½ Harvesting ð3Þ
EAvailable;Lipid ¼ ηHarvestingELipid ð4Þ
All harvesting processes require electrical energy,E

, which is deﬁned
as the energy input in units of kWh/m3 of algalwater. The contribution of
this energy toward the price of the recovered algal lipid (CLipid⁎) in units
of $/GGE is given by the following.
CLipid ¼
3:785 10−3 m3 of Lipid
gallon of Lipid
 !
HHVGasoline
HHVLipid
 !
ρLipidC

Electricity
L½ AvailableHarvesting
 !
E
ð5Þ
The ﬁrst two bracketed terms appear for the purpose of unit conver-
sions. This energy–cost relationship becomes much simpler when the1.E-03 
1.E-02 
1.E-01 
1.E+00 
1.E+01 
1.E+02 
1.E+03 
0 1.E+01 1.E+02 1.E+03 
Membrane
Filtration O&M Costs
nergy  
ugation 
esponsive Algae)  
ponsive Algae) 
Resp
onsi
ve A
lgae
Pumping Energy
oderate condition reference state. At this condition, themagnitude of the energy require-
255J.E. Coons et al. / Algal Research 6 (2014) 250–270magnitude of CLipid⁎ in units of $/GGE is equivalent to E

in units of
kWh/m3 of algal water, which occurs whenever the following parity
criterion is met.
ρLipidC

Electricity
ηHarvesting B½ HarvestingM^Lipid
 !
 HHV

Gasoline
HHVLipid
 !
≅264
$ m3 of Water
 
gallon of Lipidð Þ
kWh m3 of Lipid
 
gallon of Gasolineð Þ
24 35
ð6Þ
As shown in Table 2, the properties in the ﬁrst bracketed term of
Eq. (6) vary signiﬁcantly between investigators. However, regardless of
the property values, every 1 kWh/m3 of electrical energy consumed con-
tributes exactly 1 $/GGE toward the cost of algal lipid as long as Eq. (6) is
maintained. While parity is achieved under a broad range of conditions,
the property values listed in the last column of Table 2 were selected to
deﬁne the moderate condition reference state. The parameter values
are generally mid-range and were chosen for reasons of simplicity. The
sensitivity of the cost contribution of 1 kWh/m3 of electrical energy to
the properties and costs in the ﬁrst bracketed term of Eq. (6) is shown
in Fig. 2. The concentration of algae is the largest source of uncertainty,
varying by more than two orders of magnitude. The moderate condition
reference state describes the properties of the algalwater used as feed for
all 1st stage harvesting technologies in this monograph, as well as values
applied for the cost of electricity and harvester efﬁciency. It also provides
a reference for both E
Available;
Lipid (2.91 kWh/m
3 of algal water) and the total
energy content (E

Total) needed to evaluate extraction technologies. The
reference value of E
Available;
Lipid is shown in Fig. 3, where the units of energy
and cost are aligned in accordance with the parity criterion.
The relationship between energy input required for energy–cost
parity (E

) and the energy input in SI units (E) results from a simple
unit conversion.
E ¼ kWh
3:6 106 J
 	
E ð7Þ
Some harvesting technologies include costs that are more conve-
niently reported or calculated as C, in units of $/m3 of algal water. The
cost contribution in $/GGE is determined using the following expression.
CLipid ¼
3:785 10−3 m3 of Lipid
gallon of Lipid
 !
HHVGasoline
HHVLipid
 !
ρLipid
L½ AvailableHarvesting
 !
C ð8Þ
Applying properties from Table 1 and the moderate condition in
Table 2, the proportionality constant in Eq. (8) becomes ﬁxed.
CLipid ¼
12:5 m3 Algal Water
GGE
 !
C ð9Þ
Now that the framework for energy–cost comparisons has been
deﬁned, we begin to contemplate harvesting technologies.
2.2. Pond transport
Before exploring the costs of different harvesting technologies, the en-
ergy requirements associated with pumping algal water from a large res-
ervoir to an overhead tank are considered. Such a tank could be located at
a harvesting facility adjacent to a network of cultivation ponds, and feed
algal water gravimetrically to any choice of harvesting technology. With
this design, we are transporting the pond to the harvester. It is informa-
tive to consider the cost of pond transport as some harvesting technolo-
gies may not require a conventional feed stream and their placement in
the pond could also reduce costs. For the purpose of calculating energyrequirements, we follow the procedure described by Peters and
Timmerhaus ([8], see page 516) with the following assumptions:
a) The algal water is pumped to an overhead feed tank located 300 m
horizontally from the feed pipe inlet and 11 m vertically.
LHorizontal ¼ 300 m ð10Þ
LVertical ¼ 11 m ð11Þ
Sensitivity of the energy requirements to horizontal and vertical
length of piping is low at the highest ﬂow rates considered. Sensitivity
values can be found in the supplementary material (see Appendix A).
b) Feed pipe internal diameters (DPipe) ranging from 6.83 × 10−3 to
0.387 m are considered, depending on the ﬂow rate desired.
c) The average velocity (vFeed) of the algal water in the feed pipe is
ﬁxed at 1.52 m/s, independent of pipe diameter. This velocity is
within the recommended range of 1 to 3 m/s (see pg 526, Table 3
in [8]). The effect of velocity on energy requirements is provided in
the supplementary material (see Appendix A).
d) The ﬂow rate for a given pipe size is calculated from the average ve-
locity and pipe cross sectional area.
QFeed ¼ vFeed πD2Pipe=4
 
ð12Þ
e) The friction factor is calculated from Moody's equation for com-
mercial steel [25], which is accurate to within ±5% for Reynolds
numbers (NRe) between 4000 and 107 and pipe diameters larger
than 4.5 × 10−3 m.
f Friction ¼ 0:001375 1þ
0:9 m
DPipe
þ 10
6
NRe
 !1=3" #
ð13Þ
NRe ¼
DPipevFeedρAlgal Water
μAlgal Water
ð14Þ
μAlgal Water is the viscosity of algal water, set to 10−3 Pa s, and
ρAlgal Water is the density of algal water, set to 999 kg/m3. This is repre-
sentative of algae in fresh water. Algae are also grown in seawater
media, which has a density about 2.5% higher than freshwater, and
will require similarly higher levels of energy per unit volume to pump.
f) The feed pipe includes two gate valves and three 90° elbows, which
contribute the following effective length (Le) to the feed pipe for fric-
tional loss considerations:
Le; 2 gate valves þ 3  90∘ elbows ¼ 110DPipe ð15Þ
g) The pump(s) used to ﬂow algal water through the feed line and up
into the feed tank has an efﬁciency of 40%.
ηPump ¼ 0:4 ð16Þ
For a given pipe diameter, the energy input per unit volume of water
required for pumping becomes,
EPump ¼
PPump
Q Feed
¼ 2 f Frictionv
2
Feed LHorizontal þ Le þ LVerticalð Þ
gcDPipe
þ LVertical
" #
ρAlgal Watergc
ηPump
;
ð17Þ
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
Pump using Eq. (7). The pumping scheme would
only be employed if the required energy was a small fraction of the
available energy in the algal water and if pumping costs do not contrib-
ute signiﬁcantly to the cost of algal lipid. As shown in Fig. 3, the energy
required to pump algal water into the hypothetical overhead feed tank
is around 1.5 kWh/m3 at the lowestﬂow rate considered,which ismore
than half the available lipid energy under the moderate condition. As
DPipe and QFeed increase, frictional losses decrease and the pumping
energy approaches 0.08 kWh/m3 at 103 m3/h. At the highest ﬂow
rate considered, E

Pumping consumes around 3% of the available lipid
energy. While the energy fraction is much lower, the cost contribu-
tion of $0.08/GGE is almost an order of magnitude higher than
NAABB's targeted harvesting cost. NAABB's target is so low that it
virtually requires placement of the harvester in the pond. Now that
the cost of feeding a harvester has been explored, we can focus on
the energy requirements and costs resulting from the choice of
harvesting technology.
2.3. Membrane ﬁltration
Filtration has been used for centuries to treat water and is consid-
ered among the least costly of conventional technologies for concentrat-
ing algae. Pressurized water is forced through a ﬁlter where algae
accumulate as a ﬁlter cake. This is typically not very effective as ﬂexible
algae cells and other organic materials foul the ﬁlters and reduce the
ﬂow of water [26]. Cross ﬂowmembrane ﬁltration reduces the accumu-
lation of ﬁlter cake by circulating water at a high velocity tangentially
across the ﬁlter while maintaining sufﬁcient pressure to force some
water through the ﬁlter. As the concentration of algae increases in the
circulating system, permeation decreases [27] requiring periodic dis-
charge of the concentrate and purging/cleaning of the membranes.
Here we consider operating and maintenance (O&M) costs derived
from the energy required for water circulation and membrane purging,
chemical costs for membrane cleaning and washing, equipment main-
tenance, and membrane replacement. Filtration [26,28,29] and cross
ﬂow membrane ﬁltration [27,30–34] have been investigated at labora-
tory scale for the purpose of harvesting algae, but no data exist on actual
O&M costs for algae harvesting at an industrial scale. And while costing
tools are available for application to drinkingwater treatment processes
[35–37], they are expected to predict lower than actual costs with algae
as higher working pressures and more frequent cleaning and mainte-
nance are anticipated with high biomass concentrations. Membrane
O&M costs shown in Fig. 3 are bounded from two different correlations
following adjustment to 2011 dollars via the Chemical Engineering
Plant Cost Index (CEPCI) [38] (see the supplementary information inTable 3
Electrolytic studies aimed at harvesting or removing algae.
Source Algae Freshwater or
marine
[B]Harvesting
Algae
concentration
(kg/m3)
I/Q*
Curren
rate ra
(A h/m
[39] Scenedesmus acutus (80%) and
Chlorella vulgaris (20%)
Freshwater 0.283 50 to 7
[40] Blue-green and green algae and
diatoms
Freshwater Circa .0045 to
.036
11 to 2
[41] Microcystis species Freshwater Circa 0.075 to 0.5 21 to 1
[42] Chlorella vulgaris (F) &
Phaeodactylum tricornutum
(marine diatom)
Freshwater &
Marine
0.3 to 0.6 250 to
50 to 1
[119] Chlorococcum & Tetraselmis species Marine 0.6 (Chl)
0.3 (Tet)
38 to 6
15 to 6
[43] Nannochloris oculata Marine 1 260 to
[44] Tetraselmis species Marine Not reported, 0.25
assumed
17.2 toAppendix A for details). The lower bound is taken from the low-ﬂux
correlation of Vickers [36] with equipmentmaintenance costs added in.
CMembrane; Low ¼ 0:057 Q
 −0:115 ð18Þ
Q* is the capacity of the water treatment plant in units of m3/h of
algal water. This correlation assumes year-round operation at full de-
sign capacity, which drives costs down. The upper bound is taken
from U.S. EPA cost estimates [37] adjusted to 2011 dollars.
CMembrane; High ¼ 0:147 Q 
 −0:088 ð19Þ
EPA cost estimates are based on operations at 20 to 70% capacity and
are in close agreement with the actual cost data reported by Adham
et al. [35] when labor costs are included. Derivation of Eqs. (18) and
(19) as well as the comparison to the data of Adham are provided in
the supplementary information (see Appendix A). Eqs. (18) and (19)
are applicable at ﬂow rates between 10 and 103 m3/h. Eqs. (9), (18),
and (19) were used to create the bounded membrane ﬁltration costs
shown in Fig. 3. Danquah et al. [32] measured the pump energy for
cross ﬂow membrane ﬁltration with Tetraselmis suecica at a slightly
lower concentration of biomass (0.6 kg/m3) than the moderate condi-
tion. The energy requirements were around 2 kWh/m3 at permeation
rates between 0.032 and 0.046 m3/h. While Danquah's ﬂow rates are
lower than the applicable range of Eqs. (18) and (19), the cost contribu-
tion to algal lipid under the parity condition ($2/GGE) is well above the
NAABB target for harvesting costs without considering anything more
than power requirements. Loss of algae in ﬁltration processes is not al-
ways reported by investigators, but Petrusevski et al. [31] reported
losses as high as 40% depending on the algae species and concentration
factor.
2.4. Electrolytic separation
Electroﬂocculation and electrocoagulation processes have been
applied to harvest both freshwater [39–42] and marine [42–44] algae.
While some authors attempt to differentiate between these processes,
electrode materials and operating conditions used are similar and
raise questions about the exclusivity of the underlying mechanisms.
Both processes can use electrolysis to produce hydrogen gas at the
cathode and oxygen gas at the anode. Electroﬂotation occurs when gas
bubbles attach to algal ﬂocs and force them to rise to the water surface
[40]. In some applications, the ﬂocs settle to the bottom of the vessel by
avoiding the gas bubbles or by avoiding conditions that produce gas.t to ﬂow
tio
3)
Vessel volume &
process description
Electrode
material
UApp
Applied
voltage
(V)
Metal Concentration
9 1 L, Batch Al 10–30 Not measured
3 100 L, Batch Pb & Al 18–85 Not measured
00 1 L, Batch
1.2–12 L, Continuous
Ti & Al 14–75 0.2–1 ppm [Al]
400 (F)
00 (Salt)
1 L, Batch Ir/Ti, Al, Fe 1–40 Circa 2 ppm [Al] in
fresh water
Circa 0.4 ppm [Al] in
salt water
1–2% of biomass
5 (Chl)
6 (Tet)
0.3 L, Batch SS 3–10 Not measured
520 0.12 L, Continuous Al Circa 1 37–87 ppm [Al]
34.4 4.8 L, Batch Al 5–5.3 Not measured
Fig. 4. A survey of conditions applied for the removal of algae from wastewater using electrolytic separation technologies. Open and closed symbols represent freshwater and marine
species of algae, respectively.
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the algal water and contributes to chemical erosion of the cathode
[45]. Electroﬂocculation [40] has been described as a process by
which negatively charged algal cells are attracted to the anode and elec-
trically neutralized upon contact. In this process, the anode is both elec-
trically and chemically inert. Neutralized algae come together or self-
ﬂocculate to form large aggregates. Electrocoagulation is differentiated
from electroﬂocculation by the oxidative dissolution of a sacriﬁcial
anode, which provides a source of polyvalent metal cations that form
large ﬂocs and entrap the algae cells. Both aluminum and iron sacriﬁcial
anodes have been used, but aluminum anodes were found to have
superior removal rates [42] and are often used in processes that are
described as electroﬂocculation or electrocoagulation processes. A
list of published electrolytic studies that have removed or harvested
microalgae is provided in Table 3. The operating costs considered here
are derived from electricity and electrode consumption [46].
CElectrolytic ¼
CElectricityUApp
103 W=kW
þD˙Metal CMetalηMetal
 !
I^ B½ Harvesting ð20Þ
CMetal is the cost of the anode metal in $/kg,D˙

Metal is the anode metal
dissolution rate in kg/A h, I^

is the speciﬁc charge of the algal biomass in
units of A h/kg of dry biomass, which is related to the current, ﬂow rate,
and algae concentration.
I^ ¼ I
Q  B½ Harvesting
ð21Þ
UApp is the applied voltage, and ηMetal is the current dissolution efﬁ-
ciency. Similar equations for electrolytic operating costs [44,46] contain
a dependence on the ratio of electrical current to algal water ﬂow rate
(I/Q). However, as shown in Fig. 4, the I/Q⁎ ratio is dependent on the
biomass loading, which varies broadly among investigators. Alfarara
et al. [41] reported lower aluminum values in the water while oper-
ating at no higher than 0.07 A h/mg chlorophyll a, which for
Microcystis aeruginosa [47] is estimated to be equivalent to I^

valuesbetween 200 and 300 A h/kg of biomass. By inserting into Eq. (20)
$0.08/kWh for the price of electricity, an aluminum dissolution rate of
3.356 × 10−4 kg/A h as determined from Faraday's Law, and the 2011
average price of aluminum of $2.56/kg [48], the operating cost of elec-
trolytic systems using aluminum electrodes is obtained.
CElectrolytic ¼
0:08UApp þ 0:859ηMetal
 
1000
I^ B½ Harvesting ð22Þ
The applied voltage depends on the circuit resistance, which in one
freshwater application doubled approximately every 25 days in the
absence of maintenance [46]. Values of applied voltage taken from the
literature (see Table 3) ranged from 1 to 85 V. The current dissolution
efﬁciency is zero when inert anodes and cathodes are used, as low as
one when an aluminum anode is used with an inert cathode [45], and
as high as 2.5 when both anode and cathode are made from aluminum
[45,46]. The operating costs of electrolytic processes were bounded by
using Eq. (22) along with applied voltages of 1 and 50 V, current efﬁ-
ciencies of 0 and 2.5, I^

values of 50 and 2000 A h/kg of dry biomass,
and the value of [B]Harvesting as deﬁned by the moderate condition. The
contributions to the cost of algal lipid were then calculated using
Eq. (9), and are shown in Fig. 3 as lower and upper bounds. The cost con-
tribution to algal lipid from electroﬂocculation processes operatingwith
inert electrodes could be signiﬁcantly lower than membrane ﬁltration.
Unlike other harvesting technologies, the cost contribution is unaffected
by the concentration of algae in the algal water, as the concentration
term in Eq. (22) and imbedded in Eq. (9) cancel each other. The only
way to affect the cost contribution is by changing the cost values imbed-
ded in Eq. (22) or by changing themass fraction of lipid in the harvested
algae.
2.5. Centrifugation
It is desired to represent the speciﬁc energy–feed rate relation-
ship for different types of sedimentation centrifuges and for different
Table 4
Properties of micro-organisms and media that determine responsiveness to centrifugation and ultrasonic harvesting.
Matter d
Cell diameter (μm)
ρ
Density of a cell or media
(kg/m3)
ρ-ρMedia
Cell excess density
(kg/m3)
vg
Settling velocity
(μm/s)
c
Cell speed of sound
(m/s)
KS
Acoustic contrast
PAlgae
(MW/
m3)
Ψ⁎
Cell passivity
(kWh/m3/s)
Microalgae 2.8a, 3.8p
(3.8–11.4)b,
(4–10)c
1100a, 1050p
(1020–1050)n
(1020–1250)c
94a
(10–300)j
0.8a,
(−3 to 12)k,
(b3)l,
(0.3 to 7.3)m
1540a,
(1500–1628)d
0.073a 18.85a (9.1 × 108)a
Zooplankton – (1035–1100)e, 1064.7h – – (1502–1555)e,
(1559–1570)h,
1530i
– – –
Water – 999a – – 1497a – – –
Sea water – 1025f – – 1521.46g – – –
Responsive algae
(in sea water)
7.78 1116 91 3 1625 0.093 14.6 9.6 × 107
Unresponsive algae
(in sea water)
2.83 1027.3 2.3 0.01 1530 0.005 6.9 1.35 × 1010
a Chlorella species and other materials reported in [120].
b Nominal diameters of various microalgae species reported in [54].
c See Table 3, pp. 20–23, for spherical algae diameters, and Table 8, p. 57, for algae density in [52].
d Approximate sound speed range for algae cited in [121].
e See [122].
f See [123].
g Seawater at 35 ppt salinity, 1 bar and 20 °C as reported in [124].
h Speed of sound in Euphausia superba from [125].
i Values reported in [126].
j See [127].
k See [53].
l Measurements on green algae [54].
m Measurements on diatoms [54].
n See [128].
p See [63].
258 J.E. Coons et al. / Algal Research 6 (2014) 250–270properties of algae by means of a master curve. That is, a curve that
can be shifted in accordance with the ease or difﬁculty of algae sep-
aration as determined by their properties. The scale-up of centri-
fuges is achieved by application of sigma theory, ﬁrst described by
Charles Ambler in the 1950's [49,50]. The performance of a centri-
fuge is a function of ﬂow rate, algal properties, and properties of the
centrifuge. The following general relationship has been derived for a va-
riety of centrifuges inwhich the algae and centrifuge properties are sep-
arated.
Q ¼ 2vgΣ ð23ÞTable 5
Data used to construct the centrifuge master curves [56].
Type of centrifuge D
Drum diameter (cm)
f
Cyclic frequency
(revolutions per minute)
E

Centrifuge
Required energ
(kWh/m3)
Tubular
10.48 15,000 1.88
12.45 15,000 2.65
Disk
10.41 10,000 0.83
24.13 6500 1.87
31.5 6250 2.95
34.8 4650 1.99
49.5 4240 3.36
Helical Conveyor
15.24 6000 0.64
35.56 4000 1.54
35.56 4000 1.54
50.8 3350 2.20
63.5 3000 2.76
63.5 2700 2.24
§ Values estimated by comparison of Tables 19–29 and 19–30 [56].
‡ Values estimated by comparison of theoretical and experimental Σ values (see Table 22.1
a See Table III in [130]
b See [131].
c See [132].
d See [56].Σ is dependent only on the properties of the centrifuge and repre-
sents the area of a gravity settler of equal performance. vg is the settling
velocity of algae under gravity and corresponds to the cut-off condition,
which in the form of Eq. (23) determines the size of algae whose popula-
tion is evenly split between the concentrate and dilute product streams.
The settling velocity is dependent on the properties of the algae at the
time of harvesting. In a quiescent water environment, algae cells or par-
ticles accelerate under the force of gravity due to their buoyancy and size.
This gravitational force is given by:
FGravity ¼
πd3Algae
6
ρAlgae−ρMedia
 
gc ð24Þy
Σ
Equivalent area
(m2)
Q⁎
Flow rate
(m3/h)
ηCentrifuge
Efﬁciency factor range
ηCentrifuge
Efﬁciency factor
applied
2508 0.023–2.27 0.9a,d 0.9
3902 (0.045–4.542)§
1022 (0.023–2.27)§ 0.45a
0.4c
0.55d
0.4
19,974 (1.136–11.356)§
39,484 (1.136–11.356)§
36,511 (1.136–11.356)§
97,548 (4.542–45.425)§
251 To 4.542 0.6a
(0.62–0.67)b
0.67‡
1245 To 17.034 0.67‡
2787 To 17.034 0.62‡
3716 (To 11.356)§ 0.62‡
5667 To 56.781 0.67‡
7990 (To 56.781)§ 0.67‡
in [129]).
259J.E. Coons et al. / Algal Research 6 (2014) 250–270When a particle settles in the surroundingmedia, a drag force arises
opposing FGravity as described by Stokes' Law [51].
FDrag ¼ 3πμMediavgdAlgae ð25Þ
The cell very quickly reaches a constant terminal velocity, which is
obtained by equating gravity and drag forces and rearranging for vg.
vg ¼
ρAlgae−ρMedia
 
d2Algaegc
18μMedia
ð26Þ
Settling velocities of live algae in quiescent environments are known
to deviate from Stokes equation [52] and display complex time depen-
dencies [53]. This is due to the non-spherical shape of some algae and
a variety ofmechanisms available to live algae that affect their buoyancy
and mobility. Burns and Rosa [53] measured settling velocities in some
freshwater algae that increased from circa 0.3 to 3 μm/s over a 6 to 12 h
period. Settling velocity dynamics is not relevant in the high force ﬁelds
and short harvesting times of a centrifuge, but plays a signiﬁcant role
in the ineffectiveness of harvesting technologies that require long
residence times such as gravity settlers. Therefore, the designer needs
to bemindful of the dynamic nature of algal properties and apply values
to the Stokes equation that are representative at the time of harvesting.
As indicated in Table 4, a wide range of settling (and sometimes rising)
velocities has been reported in the literature [53–55].
The performance of a variety of centrifuges that differ in type, size
and ﬂow rate capacity is approximately described by an iso-vg curve
obtained by adjusting the ﬂow rate to yield ﬁxed vg values. Eq. (23)
can be rearranged and written in a more general form:
vg ¼
Q
ηCentrifugeΣ
ð27Þ
where ηCentrifuge is an efﬁciency factor that accounts for deviations from
ideal ﬂow and is used to compare performance between centrifuges of
differing design. For a given centrifuge operating at a ﬁxed rotational
frequency and with a ﬁxed Σ value, the ﬂow rate ﬁxes the cut-off vg.
In Eq. (27), we have reduced the cut-off ﬂow rate by exactly ½ so thaty = 2.150x0.405
R² = 0.909 
y = 1.447x0.304
R² = 0.938 
0.1 
1.0 
10.0 
0.01 0.1 1 10 100
Tubular 
Helical 
Disk 
Fig. 5. Centrifugemaster curves for removal of particleswith a settling velocity of 0.1 μm/s.
Disk centrifuges operate at higher ﬂow rates than tubular and helical centrifuges, while
achieving the same performance. Themaster curves shift horizontally to align with actual
ﬂow rates according to Eq. (32).the yield is approaching unity and more in line with the assumed
yield in the moderate condition. The instantaneous settling velocity of
any given algae population is more accurately described by a distribu-
tion rather than a single value. The fraction of algae in a given popu-
lation with vg lower than the cut-off will largely pass through the
centrifuge with the bulk of the water, and those with higher vg will
end up in the concentrate stream. In practice, the feed rate through
a continuous centrifuge operating at a ﬁxed rotational frequency in
combination with the distribution of algal properties determines its
performance. When an acceptable portion of the algae population
is recovered in the concentrate stream, it may be desired to increase
the ﬂow rate. For constant performance, the processing rate can only
be increased by application of centrifuges with higher Σ values.
For a given centrifuge, the power requirement per unit of feed
rate (P/Q) represents the energy cost per unit volume of algal water
(ECentrifuge) and is dependent on the density of the algal water and
the properties of the centrifuge.
ECentrifuge ¼
P
Q

 
¼ ρAlgal Waterω2r2 ð28Þ
ω is the rotational frequency and is a function of the cyclic frequency,
ω ¼ 2π f ; ð29Þ
and r is the radius of the centrifuge. Eq. (28) indicates a simple linear
relationship between P and Q for a given centrifuge operating at a ﬁxed
rotational frequency. Parameters for three different types of centrifuges
with throughputs that range from 0.02 to 57 m3/h are provided in
Table 5. Feed rates were adjusted within the throughput range of each
centrifuge to achieve ﬁxed vg values ranging from 0.003 to 3 μm/s (see
the supplementary information in Appendix A for details). The iso-vg
data sets obtained were shifted horizontally to achieve overlay onto the
vg, Master data set corresponding to a settling velocity of 0.1 μm/s. As
shown in Fig. 5, disk centrifuges operate at somewhat higher ﬂow rates
than tubular and helical centrifuges and the master curve provides the
following approximate relationship between ECentrifuge in kWh/m
3 and
QMaster⁎ in m3/h for algae when the settling velocity is equal to vg, Master.
EDisk ¼ 1:447 QMaster
 0:304
; 0:15 < Q Master < 14 m
3
=h
h i
ð30Þ
For tubular andhelical centrifuges, themaster curve is approximated
by the following relationship.
ETubular & Helical ¼ 2:15 Q Master
 0:405
; 0:06 < QMaster < 2 m
3
=h
h i
ð31Þ
For algae with different settling velocities, the master curves shift
horizontally to higher or lower actualﬂow rates according to the follow-
ing equation.
QActual ¼
vg; Actual
vg; Master
 !
QMaster ð32Þ
Eqs. (30) and (32) are applicable in the QMaster⁎ range indicated and
yield E

Centrifuge values between 0.6 and 4 kWh/m
3. While this range
covers low-energy centrifuges, it does not include all high-capacity cen-
trifuges. For example, Perry's Handbook [56] lists centrifugeswithmax-
imum throughputs over 170 m3/h and E

Centrifuge values as high as
6.3 kWh/m3.
The accuracy achieved by the master curve approach was calculated
at the extremes of ﬂow rates for each centrifuge in Table 5 and was
determined to range within ±20% for all centrifuges. This level of accu-
racy is acceptable for the purpose of comparing centrifuge energy re-
quirements to other separation technologies. The master curve
approach makes it possible to estimate the centrifugation energy–ﬂow
Standing 
Wave Axis 
Flow In 
Algae Trapped At  
Standing Wave Nodes 
Standing Wave Anti-Nodes 
Flow Out 
A) B) 
FGravity
LUF
Fig. 6.A)Conceptual schematic of aﬂow-throughultrasonic harvester showing the dynamic standingwave (red) and the static axial primary radiation force (purple) in relation to theﬂow
and trapped algae. The standingwave pressure has a cosine spatial dependency, which oscillates between extrema at the anti-nodes and is always zero at the nodes. The radiation force is
in the positive x direction (i.e., to the right) when above the standing wave axis, and in the negative x direction (i.e., to the left) when below the standing wave axis. In this example, the
radiation force drives algae from the anti-nodes to the nodes. B) A small batch ultrasonic harvesterwith distinct algae concentration lines. Video of this device in operation is includedwith
the supplementary ﬁles (see Appendix A).
260 J.E. Coons et al. / Algal Research 6 (2014) 250–270relationship for harvesting algae that span a range of properties. Algae
that are responsive to centrifugation have properties that lead to high
vg values and visa versa. The properties of algae leading to vg values of
0.01 and 3 μm/s for unresponsive and responsive algae, respectively,
are listed in Table 4. E

Centrifuge curves were calculated using Eqs. (31)
and (32) for unresponsive algae and using Eqs. (30) and (32) for re-
sponsive algae, and are shown in Fig. 3. While there is some overlap,
the cost of centrifugation is generally higher than the cost of membrane
ﬁltration within the context of the moderate condition.2.6. Ultrasonic harvesters
Ultrasonic harvesters function from the principle of a standingwave
created by forward and reverse propagating pressurewaves in a body of
water [57,58], such as water that contains algae. Interaction of the
standing wave with the algae cells results in primary and secondary ra-
diation forces that move the cells closer together to form aggregates.
Primary radiation forces have both axial and transverse components,
where the axis of the acoustic pressure standingwave is adopted for ref-
erence. The axial component moves cells toward ﬁxed positions along
the standing wave axis (see Fig. 6). Transverse primary radiation forces
assist in the trapping of cells by working against gravity, drag and other
forces orthogonal to the standingwave axis [58,59]. The secondary radi-
ation force is an intercellular force that acts between cells aligned or-
thogonal to the standing wave axis. In the presence of these forces,
algae cells become trapped and formaggregates.When the gravitational
force overcomes the drag and transverse primary radiation forces, the
aggregates settle to the bottomof the harvester vessel1 where a concen-
trated supply of algae is available for further processing.Woodside et al.
[58] investigated the magnitude of these forces and concluded that the
axial primary radiation force is much larger than transverse primary ra-
diation forces and the secondary radiation force. Here, we focus on the
axial primary radiation force to develop a design basis for ultrasonic
harvesters.
The ultrasonic harvesting process starts with the transport of algae
cells to ﬁxed positions along the standing wave axis, followed by cell1 See the video included in the supplementary material.aggregation, and ends with the settling of aggregates. We assume that
the limiting step in this process is the time required to transport cells
to ﬁxed axial positions. The axial radiation force (FS) acting on algae in
a standing wave is provided from acoustic theory [57,60].
FS ¼
π2 f d3Algae
cMedia
 !
ES
 
KS sin
4π f
cMedia

 
x
 	
ð33Þ
ES
 
is the time-averaged energy density of the standingwave and is
a complex function of the piezoelectric and electromechanical proper-
ties of the harvestermaterials andpower input [57,61].KS is the acoustic
contrast of the algae and is a function of both media and algae
properties.
KS ¼
1
3
5β−2
2β þ 1−
1
βγ2

 
ð34Þ
β ¼ ρAlgae=ρMedia ð35Þ
γ ¼ cAlgae=cMedia ð36Þ
According to Eq. (33), the radiation force is sinusoidal along the
standing wave axis and is zero at x= ncMedia/4f and maximum at x =
(2n − 1)cMedia/8f (see Fig. 6). When the acoustic contrast is positive,
algae cells are forced away from the standing wave anti-nodes toward
the standingwave nodes.When the acoustic contrast factor is negative,
algae cells are forced away from the standing wave nodes toward the
standing wave anti-nodes. Given that the time dependency is only
dependent on the magnitude of the contrast factor and not its sign, we
will assume a positive acoustic contrast for the purpose of describing
the radiation force effect. Applying Eq. (25) for the hydrodynamic
drag force and assuming quasi-equilibrium with the radiation force,
the terminal velocity of an algae cell moving toward a node is shown
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v xð Þ ¼ dx
dt
¼ π f d
2
Algae
3μMediacMedia
 !
ES
 
KS sin
4π f
cMedia

 
x
 	
ð37Þ
The closer a cell is to an anti-node, the longer it will take to reach the
node, the region where cells are trapped and accumulate. Also, a cell lo-
cated precisely at an anti-node experiences no radiation force, has a
zero axial velocity andwill never arrive at the node. Therefore, the char-
acteristic time (t2α− 1) for concentration is the time needed for an algae
cell tomove from an initial position very near an anti-node to a position
of equivalent proximity from the adjacent node. Rearrangement and in-
tegration of Eq. (37) provides the following.
t2α−1 ¼
3μMediacMedia
π f d2Algae ES
 
KS
ZαcMedia4 f
1−αð ÞcMedia
4 f
dx
sin
4π f
cMedia

 
x
 	
¼ 6μMedia
ES
 
KS
cMedia
2π f dAlgae
 !2
ln tan απ=2ð Þ½ 
ð38Þ
α is a dimensionless number close to unity and is related to the
fractional distance (i.e., 2α − 1) that the cell traverses between the
standing wave anti-node and node. Taking the maximum speed of
sound in water to be around 1522 m/s and assuming a minimum oper-
ating frequency of 1 MHz, the maximum distance between the anti-
node and node is cMedia/4f or 381 μm. If we consider a cell 1 μm from
the anti-node moving to a position 1 μm from the node, the fractional
distance is 0.9947, α is equal to 0.9974, and ln[tan(απ/2)] is approxi-
mately 11/2. This value of α is adequate for the purpose of calculating
the characteristic time of concentration in an ultrasonic harvester
operating at frequencies at or above 1 MHz. By combining Eqs. (38)
and (26), the concentration time to capture 99.47% of the algae of a
given size can be formulated with the algae properties separate from
the harvester properties.
t0:9947≈
11cMedia
6ω2 ES
 ( ) PAlgae
vg
 !
ð39Þ
PAlgae ¼
cMedia ρAlgae−ρMedia
 
gc
KS
ð40Þ
The responsiveness of the algae is determined by vg/PAlgae, which
contains all of the algae properties needed to calculate the characteristic
acoustic harvesting time.
vg
PAlgae
¼ d
2
AlgaeKS
18μMediacMedia
ð41Þ
Although not commonlymeasured, a survey of properties is provided
in Table 4 along with the values we assigned to hypothetical algae
described as responsive (vg = 3 μm/s, PAlgae ¼ 14:6 MW=m3) or unre-
sponsive (vg = 0.01 μm/s, PAlgae ¼ 6:9 MW=m3) to ultrasound and ac-
celeration forces.
Up to this point, hydrodynamic effects present in ﬂow-through sys-
tems have not been considered. As shown in Fig. 6, feed water is intro-
duced into an ultrasonic harvester with an average feed velocity (vFeed)
orthogonal to the axis of the standingwave. The ﬂow rate is determined
by the product of the harvester area and feed velocity.
Q ¼ AHarvestervFeed ð42Þ
The feed velocity affects two important elements of harvester
performance; (i) in accordance with Eq. (26), it determines the size of
aggregates that can settle against the direction of ﬂow, and (ii) itdetermines the residence time of untrapped algae cells in the standing
wave. Without knowing the cell and aggregate properties, it is impossi-
ble to specify themaximum ﬂow rate at which loss of algae through en-
trainment can be avoided. A conservative range of feed velocities can be
taken from sedimentation tank design, where the particle size distribu-
tion in untreatedwater is similar to that of algae [62]. Primary sedimen-
tation tanks and secondary clariﬁers are designed with average feed
velocities (or overﬂow rates) between 100 and 570 μm/s, which can
be taken as a lower bound for ultrasonic harvesters. Using the freshwa-
ter algaeMonodus subterraneus, Bosma et al. [63] obtainedmean separa-
tion efﬁciencies of 70% at feed velocities between 145 and 740 μm/s,
and 17% at feed velocities near 1340 μm/s. Of course, settling of the clus-
tered algae can also be achieved by momentary cessation of the ﬂow
and standingwave, which eliminates all concern for entrainment losses
as long as the aggregates are trapped when the ultrasonic ﬁeld is in
place. However, if the single cell residence time in the standing wave
is less than the concentration time, some portion of the algae will not
have arrived at the pressure node before passing out of the standing
wave. The equivalence of the residence time and the concentration
time leads to the following relationship.
vFeed ¼
LUF
t0:9947
ð43Þ
LUF is the length of the ultrasonic ﬁeld in the direction of ﬂow. The re-
lationship between ES
 
and Q can be obtained by rearranging Eq. (39)
in combination with Eqs. (42) and (43).
ES
  ¼ 11cMedia
6ω2LUF
PAlgae
vg
 !
Q
AHarvester
ð44Þ
The standing wave energy density is related to the apparent power
input by the effective performance number deﬁned by Groschl [57,64].
ηEff ¼
ES
 
PApp= f
ð45Þ
The apparent power density is the total electrical power applied to
the harvester per volume of acoustic ﬁeld in the algal water layer [57].
The true power density accounts for the phase angle between the volt-
age and driving current. The apparent power is generally greater than
the true power, except when the phase angle is zero and the two are
equal. The effective performance number is a complex function of the
length and piezoelectric and electromechanical properties of the har-
vester materials through which the pressure wave travels. It can be
measured experimentally and is very sensitive to the operating fre-
quency. Combining Eqs. (44) and (45) leads to the following expression
for the ultrasonic harvester P/Q ratio or required input energy.
EUltrasonic ¼
PApp
Q
¼ PAppLUFAHarvester
Q
¼ 11cMedia
24π2 fηEff
PAlgae
vg
 !
ð46Þ
The separation of algal and ultrasonic harvester properties is more
explicit in the following form.
EUltrasonic ¼
Ψ
EEF
ð47Þ
In this simple relationship, Ψ is the passivity of the algae and is
inversely proportional to the algae responsiveness. It incorporates all
of the algal properties relevant to the performance of the ultrasonic
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Ψ ¼ 11cMedia
24π2
PAlgae
vg
 !
¼ 33c
2
MediaμMedia
4π2d2AlgaeKS
ð48Þ
Eqs. (47) and (48) can also be written in the units of energy–cost
parity.
EUltrasonic ¼
Ψ
EEF
ð49Þ
Ψ ¼ Ψ
3:6 106 J=kWh ð50Þ
As shown in Table 4, Ψ* values are around 108 and 1010 kWh/m3/s
for responsive and unresponsive algae, respectively.
EEF is the Energy Efﬁciency Factor and is strictly a function of the
harvester design, material properties, and operating frequency.
EEF ¼ fηEff ð51Þ
The EEF is an indicator of the effectiveness of the harvester. The
upper limit is unknown, but values in the 109 to 1010 s−1 range have
been reported [57,58] andmeasured in our laboratory. The input energy
illustrates the importance of both algal properties and resonator design
in driving down energy requirements for ultrasonic harvesting. The
lowest energy input required for ultrasonic harvesting is estimated by
applying a passivity corresponding to responsive algae (i.e., Ψ* of
108 kWh/m3/s) and a high EEF of 1010 s−1 to Eq. (47). The highest ener-
gy input required is estimated by applying a passivity corresponding to
unresponsive algae (i.e., Ψ* = 1.35 × 1010 kWh/m3/s) and an EEF of
108 s−1. These bounds are plotted in Fig. 3. In combination with the
moderate algae condition, this leads to costs that are one to two orders
ofmagnitude lower than conventional technologies for responsive algae
and costs that are similar to conventional technologies for unresponsive
algae. As improved resonator designs achieve higher EEF values and
algae with lower passivity values are identiﬁed, the energy cost of 1st
stage ultrasonic harvesting could well be lower than the NAABB target.
Unfortunately, published reports on ultrasonic harvester tests have
not yet provided all of the information necessary to validate the above
design basis. Bosma et al. [63] explored the performance of a small
(7 ml) ultrasonic harvester over a range of conditions using the fresh-
water algaeM. subterraneus, but the speed of sound of the algae and ef-
fective performance number of the harvester were not reported. The
size and estimated density of the algae correspond to a settling velocity
of around 0.4 μm/s. The harvester achieved a mean yield of 70% at an
energy input of 14.5 kWh/m3 and ﬂow rate of 0.4 L/h. If we consider
the settling velocity and assume a passivity of around 109 kWh/m3/s,
an energy input of this magnitude would require a harvester operating
with an EEF of around 7 × 107 s−1. Although a rough estimate, the
magnitude of the EEF is low relative to the range stated above.
As algae cells concentrate under the effect of the axial primary radi-
ation force, transverse primary and secondary radiation forces induced
by the standingwave are acting to enhance cell aggregation [59]. Aggre-
gation along the path of cell concentration increases the particle size
with the effect of decreasing concentration times. Therefore, the con-
centration time calculated by Eq. (39) should be considered a conserva-
tive estimate, where shorter times are most likely required.
3. Extraction energy fraction
With some exceptions such as Botryococcus braunii, algal lipids
accumulatewithin the cytoplasm and cell wall of algae and pose consid-
erable challenges for low-energy removal. The isolation of lipids typ-
ically requires several formidable and energy intensive steps such asdrying [65], cell disruption [66–69] and solvent extraction [66,70,71]. If
the objective of the extraction process is to produce biocrude or concen-
trated algal lipids, then meeting the NABTR target may very well not be
possible. However, if the objective is to expose lipids for the production
of biodiesel, then we show that the NABTR target has already been met
and that further energy savings could follow. Here we elucidate the en-
ergy requirements for various extraction processes as a function of algae
concentration, using the moderate condition reference state as a basis
for algal energy content. More general discussions ofmicroalgae extrac-
tion can be found in the literature [14,15,20,22,23,65,66,70–73].
3.1. Concentration dependence
Before expanding on extraction processes, we ﬁrst create the frame-
work for energy fraction using two bounding biomass concentration
dependencies. The total energy referenced by theNABTR target includes
energy from both lipid and Lipid Exctracted Algae (LEA) at the extrac-
tion condition.
ETotal ¼ ELipid þ ELEA ð52Þ
ELipid ¼ B½ ExtractionM^LipidΔHLipid ð53Þ
ELEA ¼ B½ Extraction 1−M^Lipid
 
ΔHLEA ð54Þ
ΔHLEA⁎ is the energy content of the LEA, which is everything in the
dry algae that does not separate with a solvent. The total energy is
directly proportional to the biomass concentration at the extraction
condition, which can be simpliﬁed by substituting Eqs. (53) and (54)
into Eq. (52).
ETotal ¼ M^Lipid ΔHLipid−ΔHLEA
 
þ ΔHLEA
n o
B½ Extraction ð55Þ
For algae with properties described by the moderate condition in
Table 2, the total energy as a function of algae concentration becomes:
ETotal ¼
6:82 kWh
kg dryð Þ algae
 	
B½ Extraction ð56Þ
When [B]Extraction is equal to [B]Harvesting, the total energy is equal to
6.82 kWh/m3 of algal water. Excludingmeasurement error in [B]Extraction,
uncertainty in the total energy calculated from Eq. (56) is dominated by
two parameters; the useful lipid mass fraction and the lipid heat of
combustion. Given the range of their values in Table 2, the total energy
is expected to be accurate to within ±31% due to lipid mass fraction
uncertainties and to within ±13% due to uncertainties in the lipid heat
of combustion.
At dilute algae concentrations,mechanisms acting on the bulkmedia
(e.g., heating of thewater) have energy requirements dependent on the
volume of media processed and independent of algae concentration.
Working from Eq. (56), the energy fraction (FEnergy) for these processes
is given by the following expression.
FEnergy ¼
EExtraction
ETotal
¼ E

Extraction
6:82 kWh
kg dryð Þ algae
 	
B½ Extraction
ð57Þ
It is apparent here that uncertainties in the total energy transfer
directly to uncertainties in the energy fraction. Concentration inde-
pendent technologies that energize the bulk media are by their na-
ture inefﬁcient and achieve more favorable fractional energies by
increasing [B]Extraction. In Fig. 7, these concentration-independent
processes track along the diagonal lines of constantE

Extraction. Howev-
er, as the concentration of algae increases, bulk properties of the
Fig. 7. Energy requirements for extraction technologies referenced to the energy content of algal water in themoderate condition reference state. Sources of data are provided in Table 7.
Technologies that track along the diagonal lines (e.g., bead mill and sonication disruption technologies) display concentration independent energy requirements. Technologies that track
along horizontal lines display ﬁrst order concentration dependence. Sonication is the only extraction technology to have exceeded the NABTR performance target.
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occur in the high algae concentration domain. Wileman et al. [74]
measured the rheological properties of algal slurries and although
dependent on the species of algae, observed the onset of non-
Newtonian behavior at circa 20 kg/m3. While the algal suspension
may not yet be paste-like at this concentration, mechanisms that rely
on rheological properties will be increasingly affected as the biomass
concentration increases beyond this value. At extreme concentrations
(e.g., when the algae are drying or dehydrating), continuity of the
media phase breaks down. Few studies have reported water-algae iso-
therms [75–77], but the results indicate that dehydration could begin
at concentrations as low as 167 kg/m3. These approximate transition re-
gions are shown in Fig. 7 with colored backgrounds.Table 6
Thermal properties of water, common solvents, and solvent systems. All of the listed solvents a
Solvent eCP  103
Heat capacity
(kWh/kg solvent °C)
eEVaporization
Heat of vaporization
(kWh/kg solvent)
Chloroform 0.269 0.073
Methanol 0.707 0.34
d-Limonene 0.508 0.0805
Water 1.162 0.64
Isopropanol 0.697 0.185
DME 0.617 0.137Now imagine an extraction technology that requires a ﬁxed quan-
tum of energy for every algae cell in its active volume. Such technology
would be highly efﬁcient and would have energy requirements that are
ﬁrst order with respect to the biomass concentration.
EExtraction ¼ E^Extraction B½ Extraction ð58Þ
Substitution of Eq. (58) into Eq. (57) leads to the following expres-
sion for the speciﬁc extraction energy (in units of kWh/kg of dry algae).
E^Extraction ¼
6:82 kWh
kg dryð Þ algae
 	
FEnergy ð59Þre non-toxic, with the exception of chloroform/methanol.
eMSolvent
Mass ratio of solvent to water
∑
i
eEVaporization;i eMSolvent;i
(kWh/kg water)
Source
2.5
1.033 [80]
2.5
8.7 0.7 [86]
1 0.64 [123]
2.33 0.432 [84]
2.25 0.308 [81]
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
Extraction is equal to 6.82 kWh/kg
dry algae. In Fig. 7, processes that have a ﬁrst order dependency on cell
concentration track along horizontal lines of constant E^

Extraction.
3.2. Drying and solvent removal
Drying and solvent distillation are energy intensive steps in any
extraction process, and their preclusion or minimization is essential to
assure a positive energy balance. Drying is achieved either by heating
or freezing the algae and exposing it to dehydrated atmospheres, and
is oftenperformedprior to solvent extraction. Solvent removal is achieved
by distillation or decompression, and the amount of solvent added is
sometimes in proportion to the quantity of water in the algal paste.
Therefore, the energy fraction required for drying and solvent distilla-
tion is related to the mass or volume of water in the wet algae at
the extraction concentration, [B]Extraction. Assuming the density of the
wet algae is similar to that of the water media, the mass ratio of dry
algae to water is roughly dependent on the algae concentration at the
extraction condition.
eY≅ B½ Extraction
ρMedia− B½ Extraction
ð60Þ
The total energy available from the algae per kg ofmedia is given by:
eETotal ¼ M^Lipid ΔHLipid−ΔHLEA þ ΔHLEAn oeY ð61Þ
and the minimum fractional energy for drying becomes the
following.
FDrying ¼ eEVaporization=eETotal ð62Þ
For algae with properties similar to the moderate condition deﬁned
in Table 2, Eq. (61) becomes:
eETotal ¼ 6:82 kWhkg water
 	eY ð63Þ
When the mass ratio of dry algae to water is unity, eETotal is 6.82 kWh
per kg of water. Approximate values of latent heats, heat capacities, and
speciﬁc heats of vaporization for distillation processes are provided inTable 7
Energy requirements reported using a variety of cell disruption technologies. See Fig. 7 for a gr
Technology [B]Extraction
Algae concentration
(kg dry weight/m3)
E

Extraction Required energy
(kWh/m3)
Microalg
Bead mill 5 233 Botryoco
50 208 Scenedes
107 220 (minimum) Chlorella
HPH 0.075 14.4 Tetraselm
0.254 28.7 Tetraselm
0.25 22.2 Tetraselm
0.25 110.83 (minimum) Chlorella
0.25 375 Nannoch
35 444 Nannoch
Ultrasound 0.59 214 Tetraselm
50 316 Nannoch
1.5 22.2 Chlamyd
7 22.2 Chlamyd
14.1 22.2 Chlamyd
40 21.92 Schizoch
10 220 Spirulina
Electroporation 0.3 29.2 SynechocTable 6. Inserting the latent heat of vaporization for water and
Eq. (63) into Eq. (62), the minimum fractional energy for drying is
given by the following.
FDrying ¼ 0:64 kWh=kg water=eETotal ¼ 0:094=eY ð64Þ
The minimum fractional energy required to dry algae in seawater
media is shown in Fig. 7 as a function of the concentration at the ex-
traction condition. The concentration of algae at which the energy
fraction falls below the NABTR target is well within the dehydrated
zone. This suggests that the algal paste has to be largely dehydrated
before total dehydration can be performed within the NABTR target.
In addition to vaporization, drying also requires sensible heat to change
the temperature of the algal water and electrical energy to ﬂow dehy-
drated air, circulate heat transfer media, and operate pumps and com-
pressors. If the paste is to be freeze-dried, then the heat of fusion
(0.093 kWh/m3) has to be added to the heat of vaporization to deter-
mine the energy fraction. The fractional energy required for sensible
heat is given by:
FSensible ¼ eCPΔT=eETotal ð65Þ
The actual energy required for drying is typically 1.3 to 5 times
higher than the minimum value shown in Fig. 7 [65].
Production of algal biocrude has been achieved by solvent
extraction using a variety of solvents and co-solvent systems with
both dry algae [78,79] and wet algae pastes [80–86]. In a waterless
extraction operation, the energy fraction is determined on a dry weight
algae basis. The total energy and energy fraction becomes:
E^Total ¼ M^Lipid ΔHLipid−ΔHLEA
 
þ ΔHLEA ð66Þ
FEnergy ¼ eEVaporizationM^Solvent=E^Total ð67Þ
where eEVaporization is the latent heat of vaporization of the solvent. As
shown above, the use of dry algae is too energy intensive for biofuel pro-
duction.Whenwet algae is used, the energy fraction is determined on a
kg media basis.
FEnergy ¼ eEVaporization eMSolvent=eETotal ð68Þaphical comparison of this data.
ae % Disruption System volume or ﬂow rate Source
ccus sp. – 0.1 L [92]
mus sp. 96–100 ~0.07 L [90]
sp. 97 1.4 L [91]
is sp. 95 0.2 L [88]
is sp. 95 0.2 L [88]
is sp. 95–100 10 L/h [89]
sp. 95–100 10 L/h [89]
loropsis sp. 95–100 10 L/h [89]
loris oculata 95–100 3 L/h [87]
is sp. 95 0.2 L [88]
loropsis oculata – 0.1 L [93]
omonas reinhardtii 91–95 0.01 L [94]
omonas reinhardtii 91–95 0.01 L [94]
omonas reinhardtii 91–95 0.01 L [94]
itrium limacinum circa 80 0.01 L [94]
platensis – 0.05 L [95]
ystis sp. 99 25 L [97]
Fig. 8. The baseline H&E process (through disruption) for renewable diesel production as deﬁned by Davis et al. [7]. Process units are shown as blue boxes. Streams are numbered for ref-
erence to Table 8. Mass streams are indicated by black arrows and energy streams with red arrows. Pumps are included in streams 1 and 3. This process transports the pond to the har-
vester. Harvesting is achieved in a 3 stage process that includes Dissolved Air Flotation (DAF) and disruption is achieved via High Pressure Homogenization (HPH).
265J.E. Coons et al. / Algal Research 6 (2014) 250–270The solvent systemwith the lowest numerator in Eq. (68) is the least
energy intensive. From the values listed in Table 6, the energy require-
ments of the dimethyl ether (DME) system is the lowest at about
half that needed to dry the algae. The normal boiling point of DME is
−24 °C and the extraction is conducted near room temperature at
elevated pressure. The minimum fractional energy required for DME
extraction is shown in Fig. 7 as a function of the algae concentration at
the extraction condition. Solvent extraction on wet algae is typically
performed at concentrations of 200 kg dry weight/m3. Even at half the
energy for drying, the energy fraction for solvent extraction at this con-
centration is above the NABTR target.3.3. Cell disruption
Effective cell disruption opens cell walls allowing access to intracel-
lular lipids. The complexity and ﬁlamentous structure of algal cell walls
makes them in general stronger and more difﬁcult to disrupt than cells
from other organisms [67]. A variety of mechanical technologies has
been developed over the past century for cell disruption including
High Pressure Homogenization (HPH) [87–89], bead mills [90–92],
ultrasonic disruption or sonication [88,93–96], and electroporation
[97,98]. These approaches have been reviewed previously [67,68,99,
100]. Energy requirements from various investigations are listed in
Table 7 and plotted in Fig. 7. Where possible, these energies correspond
to non-unity fractional disruptions of at least 0.8 in an effort to quantify
the minimum energy required for a given disruption technology inde-
pendent of the microalgae studied. While the concentration depen-
dence of HPH has been tested over large concentration ranges, theFig. 9. An optimistic ultrasonic H&E process places the ﬁrst stage ultrasonic harvester
(USH) in the pond, reducing the quantity of water transported by more than an order of
magnitude. Disruption is achieved via continuous sonication. See the caption of Fig. 8 for
a description of symbols and Table 9 for mass and energy ﬂow data.data shown in Fig. 7 do not track along horizontal lines and are not con-
sistent with a ﬁrst order concentration dependency. The lowest energy
input for effective HPH is 14 kWh/m3 at very dilute concentrations of
Tetraselmis. However, this is greater than 20 times the total energy con-
tent of the algae at the dilute concentration. Even at higher concentra-
tions, the energy fraction for HPH is greater than one. Both bead mill
and ultrasonic disruption processes appear to track along diagonal
lines indicative of concentration independence. Bead mill operations
consume more than 200 kWh/m3 of algal water, and even at high con-
centrations have not dipped below the NABTR target. Ultrasonic data
are separated into two groups; a high-energy group operating around
200 kWh/m3, and a low-energy group operating around 20 kWh/m3.
One difference between these groups is system size, with system vol-
umes of 10 mL making up the low-energy group and system volumes
between 50 and 200 mL making up the high-energy group. This sug-
gests the question of whether ultrasound can provide similar levels of
disruption at lower energy densities if delivered in increasingly con-
ﬁned volumes? All ultrasonic studies listed in Table 7 were conducted
using ultrasonic horns. Bigelow et al. [96] employed a focused ultra-
sound setup whereby the compression waves propagate through a
water medium and into a 1 mL enclosed volume containing the algae.
This arrangement required 109 kWh/m3 and appears to be less energy
efﬁcient than the ultrasonic horn systems. This leaves the question
regarding system conﬁnement unanswered. Published data on electro-
poration is particularly scant. The single study plotted in Fig. 7 indicates
energy requirements similar to the low-energy sonication technology,
although at relatively lowbiomass concentrationwhere the energy frac-
tion is high. Lee et al. [101,102] estimated the energy required for algae
disruption to be between 0.06 and 0.25 Wh/kg of dry algae, based on
the tensile strength and bond energy of the cell wall. This is equivalent
to an energy fraction between (0.8 and 3) × 10−5, which is well beyond
the lowest energy fraction shown in Fig. 7. If the low energy ultrasonic
disruption line is traced to the higher extraction concentration of
200 kg/m3, an energy fraction less than 0.02 is achieved. This is still
1000 times higher than the theoretical limit, and speaks to the scale of
inefﬁciency in disruption technologies. However, it is noteworthy that
sonication is the only disruption technology to have dropped below
the NABTR target when the moderate condition reference state is
applied to represent the total energy content of the algae.
4. Discussion
As a means to gauge the scale of cost and energy savings that can be
achieved by an optimistic projection of ultrasonic H&E technologies,
Table 8
Mass/energy balance and operating costs for the harmonized baseline H&E process [7]. Stream numbers complement the process ﬂow diagram provided in Fig. 8.
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Total operating costs ($/hr): Total lipid produced (gallons/h): Cost contribution ($/GGE):
Unit 1 E1 E2 E3 E4
Stream number
E52 3 4 5 6 7 8 9 10 11
m3/h
kg dry weight/h
kg dry weight/h
kg dry weight/h
kg/h
kg/h
kWh/h
kWh/h
kWh/h
kWh/h
$/h
$/h
$/h
$/h
Harvesting Extraction
54,930.9 52,492.5
24,731.327,479.2 2747.9
2438.3 2089.7
2473.1
348.7 264.1
22,258.1 21,145.21112.9
0.0
0.0
0.0
0.0
172,294.4 17,229.4 155,064.9 15,506.5 139,558.4 6977.9 132,580.5 13,258.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
98.0
0.0
0.0
0.0
0.0
0.0
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0.0
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0.0 0.0
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5.7
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1.7 86.3
0.0
0.0
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84.6
1375.0
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269.0
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3289.0
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2166.37 1456.4
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Table 9
Mass/energy balance and operating costs for an optimistic ultrasonic H&E process. Stream numbers complement the process ﬂow diagram provided in Fig. 9.
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ls Total operating costs:
$68.14/h
Total lipid produced:
1277.1 gallons/h
Cost contribution:
$0.057/GGE
Component Unit 1E1 E2 E3 E4
Stream number
2 3 4
m3/h
kg dry weight/h
kg dry weight/h
kg dry weight/h
kg/h
kg/h
kWh/h
kWh/h
kWh/h
kWh/h
$/h
$/h
2438.3 2194.5 243.8 243.8
879.3
536.4
4176.8
5513.4
12,530.5
17,586.74396.7
137,835.5 110,268.427,567.1
21,983.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
43,856.8
60,898.2
42.91
42.91
21.9
1.76
25.23
21.52
269.024.4
1.95
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Davis et al. [7] shown in Fig. 8 and to the optimistic ultrasonic process
shown in Fig. 9. Here we consider processing costs up to and including
cell disruption using the harmonized baseline condition of 0.5 kg/m3
algae and 25% dry weight lipid as feed water for both processes. The
baseline process assumed a 90% harvester efﬁciency for the ﬁrst two
stages, 95% for the centrifuge, and 90% disruption in the homogenizer.
The USH process assumes an efﬁciency of 80% for each harvester and
95% for disruption. All costs in the baseline study were changed
from 2007 to 2011 dollars using the CEPCI and converted to a basis of
$/GGE. For the USH process, the harmonized baseline condition was
applied (see the supplementary information for details). The baseline
process consists of three harvesting stages and one extraction stage.
The contribution to the cost of algal lipid via the baseline process is
$1.58/GGE, which is derived from the energy and material costs
shown in Table 8. Circa 66% of the lipid cost is due to the additives
(i.e., ﬂocculant and makeup solvent). Around 10.5% of the lipid energy
entering the process is consumed by the H&E technology, 12.8% when
pumps are included. The algal lipids are dispersed in hexane, which
will have to be removed by distillation. In contrast, the ultrasonic pro-
cess described in Fig. 9 and Table 9 contributes $0.057/GGE to the cost
of algal lipid, which is more than an order of magnitude lower than
the baseline process. The optimistic ultrasonic process consists of two
harvesting stages and a single disruption stage, which we assume are
advanced designs that operate at 0.01 kWh/m3 for harvesting and
2.2 kWh/m3 for disruption. Only 1% of the lipid energy entering the pro-
cess is consumed by the electrical needs of the USH components, and
1.5% when pumps are included. With ultrasonic harvesting, there is no
impact on the quality of recycled algae or water. The exposed lipid iseither dispersed in the water phase or attached to the solid biomass
material, and available for conversion to biodiesel. This product stream
is similar to the feed stream described by Takisawa et al. [103], in which
the lipid undergoes hydrolysis and then esteriﬁcation in the aqueous
phase. As this process requires elevated temperatures, the overall ener-
gy requirements may be lower by achieving higher concentrations of
algae in a third harvesting stage not included in Fig. 9. Ultimately, the
process conditions leading tominimum energy input are best identiﬁed
by a more global optimization taking into consideration everything
from the state of the algae at cultivation to the conversion of lipids to
biodiesel. If biomass concentrations in the pond and each stage of har-
vesting were represented by themoderate condition, the cost contribu-
tion would be $0.81 and $0.02/GGE for the baseline and ultrasonic
processes, respectively. These costs were arrived at assuming 80%
recovery per harvesting stage and 95% disruption for both baseline
and ultrasonic processes. At themoderate condition, the ultrasonic pro-
cess is approaching the NAABB limit for harvesting while including the
cost of disruption.
The above comparison illuminates differences in operating costs, but
the baseline work of Davis et al. indicates that capital costs dominate.
Fully burdened costs for the H&E baseline process is $3.44/GGE, includ-
ing a capital component of around 54%. Capital costs are strongly corre-
lated to equipment costs [8], and we hypothesize that equipment costs
will be in proportion to their design complexity. In other words, pro-
cesseswith equipment that require nomoving parts and operate at nor-
mal conditions (i.e., atmospheric temperature and pressure)will lead to
lower capital costs than processes with equipment that have complex
moving parts and operate at high pressures and temperatures. Centrifu-
gation and bead mill equipment require spinning components and are
268 J.E. Coons et al. / Algal Research 6 (2014) 250–270at the high end of design complexity. High-pressure systems like mem-
brane ﬁltration and homogenization occupy a middle ground, where
stress-bearing components drive up costs. Electrolytic, electroporation,
and ultrasonic processes use simple equipment (e.g., electrodes and
piezoelectric components), which will hypothetically translate into
lower capital costs. Ultimately, accurate costing tools need to be devel-
oped or applied to test the consistency of this hypothesis.
More research needs to be conducted aimed at lowering H&E costs
and meeting the 2022 BETO targets. This requires careful experiments
that achieve higher efﬁciencies while avoiding excessive energy input,
and more thorough reporting of relevant algal and harvester/extractor
properties. There are many questions that when answered will elimi-
nate much of the uncertainty surrounding this important stage in RD
production. For example, what is the distribution of passivity in a popu-
lation of algae and how does this change over time? Do algae become
less or more passive to ultrasound when they are laden with lipid,
which may decrease the cell's density while increasing it's size? Are
there genetic components to passivity that can be enhanced? Is it eco-
nomically viable to remove only the low-passivity segment of algae
and leave the unresponsive segment for further growth or will this
lead to a population of unresponsive algae? What is the distribution of
cell wall strength and how does this change through the cultivation pe-
riod? Does cell wall strength affect disruption energy requirements,
given that current technologies use so muchmore energy than is need-
ed? It is clear thatmuch research is needed to advance the development
of cutting-edge H&E technologies and drive down the cost of algal
biofuels.
5. Conclusions
A number of notable results emerge from this monograph. Firstly,
from a fundamental perspective, there is merit to the idea that contin-
ued development of H&E technologies could reduceH&E costs by orders
of magnitude relative to today's conventional technologies. In partic-
ular, ultrasonic and electrolytic harvesting technologies show the
most potential for energy and cost reduction. In addition to lower
operating energy, both of these harvesting technologies can concep-
tually be placed in the pond enabling a shift away from the paradigm
of transporting the pond to the harvester. Ultrasonic harvesting of-
fers the additional possibility of selectively removing more respon-
sive algae while leaving other algae behind for continued growth
within the culture environment. Ultrasonic harvesting does not in-
troduce chemicals or metals that impact the quality of water or
algae and require removal. More research is needed to demonstrate
the effectiveness of electroﬂocculation, particularly using inert elec-
trodes. On the extraction end, while none of the disruption technol-
ogies are at the verge of achieving the theoretical low-energy limit,
ultrasonic disruption has exceeded the NABTR target when the mod-
erate condition is used as a reference state for the algae energy con-
tent. The hypothesis that H&E technologies with simple equipment
such as ultrasonic, electrolytic, and electroporation processes will
lead to lower capital costs is left for future studies to conﬁrm or
disprove. Secondly, more experimental investigations in which
algae and equipment properties are more clearly differentiated in
assessing the performance of H&E technologies at larger scale is
needed. Important algae properties include cell diameter, single
cell density, concentration, speed of sound, charge density, bulk
modulus, and cell wall strength and their time-resolved distribu-
tions in algae populations. In addition to algae properties, the perfor-
mance of ultrasonic and electrolytic harvesters should be referenced
to their EEFs and speciﬁc biomass charge, respectively, as well as to
the scale of the system. Centrifuge performance should be referenced
to the equipment rotational frequency, radius, and feed rate, as well
as to algae properties. Membrane ﬁltration studies should also ad-
dress membrane replacement costs and lifetimes, which are the pre-
dominant limitation in meeting biofuel cost targets. Standardmethods of property measurement need to be established and alli-
ances throughout the biofuels community strengthened to affect a
broader understanding of needs for cost reduction. Lastly, the con-
structed paradigms illustrated in Figs. 3 and 7 for H&E technologies
make future advancements easier to gauge. Application of the mod-
erate condition to 1st stage harvesting in Fig. 3 provides a straight-
forward comparison between energy requirements and cost
contributions to algal lipid, and hence addresses the sustainability
of various harvesting technologies. Likewise, the concentration de-
pendence of energy fraction as displayed in Fig. 7 is a useful para-
digm to compare extraction technologies and track their
advancement toward the NABTR target and sustainability.
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